To explore the role of peroxisome proliferator-activated receptor ␣ (PPAR␣)-mediated derangements in myocardial metabolism in the pathogenesis of diabetic cardiomyopathy, insulinopenic mice with PPAR␣ deficiency (PPAR␣ ؊/؊ ) or cardiac-restricted overexpression [myosin heavy chain (MHC)-PPAR] were characterized. Whereas PPAR␣ ؊/؊ mice were protected from the development of diabetes-induced cardiac hypertrophy, the combination of diabetes and the MHC-PPAR genotype resulted in a more severe cardiomyopathic phenotype than either did alone. Cardiomyopathy in diabetic MHC-PPAR mice was accompanied by myocardial longchain triglyceride accumulation. The cardiomyopathic phenotype was exacerbated in MHC-PPAR mice fed a diet enriched in triglyceride containing long-chain fatty acid, an effect that was reversed by discontinuing the high-fat diet and absent in mice given a medium-chain triglyceride-enriched diet. Reactive oxygen intermediates were identified as candidate mediators of cardiomyopathic effects in MHC-PPAR mice. These results link dysregulation of the PPAR␣ gene regulatory pathway to cardiac dysfunction in the diabetic and provide a rationale for serum lipid-lowering strategies in the treatment of diabetic cardiomyopathy.
R
esults of epidemiologic studies indicate that diabetic individuals are at an extraordinarily high risk for the development of cardiovascular disease. The prevalence of risk factors including hyperlipidemia and hypertension certainly contribute to the high incidence of cardiovascular disease in the diabetic population. However, myocardial dysfunction (diabetic cardiomyopathy) is common in diabetic individuals independent of hypertension and coronary artery disease (1) . In addition, morbidity and mortality after myocardial infarction is significantly greater in diabetic compared with nondiabetic patients (2) . Although the pathogenesis of diabetic cardiomyopathy is poorly understood, recent evidence implicates perturbations in cardiac energy metabolism. Whereas mitochondrial fatty acid oxidation (FAO) is the chief energy source for the normal postnatal mammalian heart, the relative contribution of glucose utilization pathways is significant, allowing the plasticity necessary for steady ATP production in the context of diverse physiologic and dietary conditions (3) . Because of the importance of insulin in the regulation of myocardial metabolism, chronic insulin deficiency or resistance results in a marked reduction in cardiac glucose utilization such that the heart relies almost exclusively on fatty acids to generate energy (4, 5) . High rates of fatty acid utilization in the diabetic heart could lead to functional derangements related to accumulation of lipid intermediates, mitochondrial or peroxisomal generation of reactive oxygen species, or excessive oxygen consumption.
Recently, we found that the diabetes-induced shift in cardiac fuel preference is associated with activation of the peroxisome proliferator-activated receptor (PPAR) ␣ gene regulatory system (6) . PPAR␣ is a nuclear receptor that regulates the transcription of an array of genes involved in cellular fatty acid utilization pathways including transport, esterification, and oxidation (reviewed in refs. 7 and 8) . The cardiac expression and activity of PPAR␣ and its coactivator PGC-1␣ are increased in rodent models of insulin-deficient and insulin-resistant diabetes (6) . Transgenic mice with cardiac-specific overexpression of PPAR␣ [myosin heavy chain (MHC)-PPAR mice] were recently shown to recapitulate many of the metabolic abnormalities of the diabetic heart, including increased fatty acid utilization and reduced glucose uptake (6) . The development of cardiomyopathy in MHC-PPAR mice indicated that whereas increased fat utilization in the diabetic heart may initially serve a compensatory role to maintain ATP production, chronic derangements in myocardial metabolism may have maladaptive consequences, including functional abnormalities. Accordingly, the MHC-PPAR mouse provided us the opportunity to evaluate the role of PPAR␣-mediated derangements in cardiac lipid metabolism in the development of diabetic cardiomyopathy.
Methods
Animal Studies. All studies were approved by the Animal Studies Committee of Washington University School of Medicine. Transgenic MHC-PPAR mice have been described (6) . Two independent lines of MHC-PPAR mice (404-4, 404-3) were used. Functional and metabolic endpoints were analyzed in littermate transgenic and nontransgenic (NTG) mice. PPAR␣-null (PPAR␣ Ϫ/Ϫ ) and wild-type control (PPAR␣ ϩ/ϩ ) mice have been described (9) .
Mice were rendered insulin-deficient by a single i.p. injection of streptozotocin [STZ; Sigma; 180 mg͞kg body weight (BW)], as described (6) . Diabetes (blood glucose Ͼ250 mg͞dl) was confirmed by tail blood glucose monitoring (B-GLUCOSE Analyzer; Hemocue, Angelholm, Sweden).
MHC-PPAR and NTG littermate animals were administered high-fat (HF) diet providing 43% of the calories from fat (TD 97268, Harlan Teklad, Madison, WI) or an isocaloric control chow providing 14% calories from fat (TD 97267, Harlan Teklad). To determine the impact of fatty acid chain length, mice were administered HF chow (43% of calories from fat) containing triacylglyceride (TAG) comprised of medium-chain (MCT) fatty acids (8:0 and 10:0; TD 00308) or matched long-chain (LCT) fatty acids (16:0 and 18:1; TD 01381). The length of studies varied as described in Results.
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To inhibit mitochondrial import of long-chain fatty acid (LCFA), mice were injected i.p. with the ϩ enantiomer of etomoxir (25 ng͞kg) or vehicle (sterile water) daily for 3 weeks. During this 3-week period, mice were fed either HF or control chow.
Isolation of Cardiac Myocytes and Electrophysiologic Studies. Adult cardiac ventricular myocytes were isolated, and whole-cell voltage-clamp recordings were obtained by using an Axopatch 1D patch-clamp amplifier and the PCLAMP 8 software package (Axon Instruments, Foster City, CA), as described (10) . Further description of these and other methods is found in Supporting Text, which is published as supporting information on the PNAS web site, www.pnas.org.
Echocardiographic Studies. Transthoracic M-mode and twodimensional echocardiography were performed on conscious mice by using an Acuson Sequoia 256 Echocardiography system (Acuson, Mountain View, CA), as described (11) . Methods for measurements of LV mass and chamber size using M-mode have been described (11) .
Histologic Analyses. After harvest, a mid-ventricular slice of myocardium was snap-frozen in a cryomold for sectioning or preserved in buffered formalin. To detect neutral lipid, frozen sections were stained with oil red O and counterstained with hematoxylin. To detect signs of fibrosis, sections were stained with Gomori's trichrome.
Analysis of Myocardial TAG and Ceramide Levels. The quantitative analysis of myocardial TAG species (12) and ceramide (13) by electrospray ionization mass spectrometry (ESIMS) has been described.
Northern Blotting Analyses. Northern blotting analyses were performed as described (14) by using radiolabeled cDNA probes for murine acyl-CoA oxidase (ACO) and human glyceraldehyde-3-phosphate dehydrogenase.
Analyses of H2O2 Levels and Reduced͞Oxidized Glutathione (GSH)
Ratios. Hydrogen peroxide levels (15) and reduced GSH and oxidized GSH (GSSG) levels (16) were determined as described.
Statistical Analysis. Statistical comparisons were made by using unpaired t test or ANOVA coupled to Scheffé's test when appropriate. All data are presented as means Ϯ SEM, with a statistically significant difference defined as a value of P Ͻ 0.05.
Results
The Expression of the Diabetic Cardiomyopathic Phenotype Is Influenced by the Activity of PPAR␣. To determine whether the PPAR␣ regulatory pathway is necessary for the cardiomyopathic effects of diabetes, the ventricular hypertrophic response was evaluated in PPAR␣-null (PPAR␣ Ϫ/Ϫ ) and strain-matched wild-type (PPAR␣ ϩ/ϩ ) mice rendered insulindeficient by administration of STZ. Insulin deficiency caused a marked reduction in BW 6 weeks after STZ injection (Table  1 , which is published as supporting information on the PNAS web site). However, the biventricular (BV) weight to BW ratio was significantly increased in diabetic PPAR␣ ϩ/ϩ mice but not in diabetic PPAR␣ Ϫ/Ϫ mice (Fig. 1a) . Echocardiographic analyses also demonstrated an increase in LV mass index in PPAR␣ ϩ/ϩ mice but not in PPAR␣ Ϫ/Ϫ mice after STZ treatment (Table 1 ). There was no significant difference in left ventricular (LV) function or cavity dimension in STZ-treated PPAR␣ ϩ/ϩ or PPAR␣ Ϫ/Ϫ mice compared with vehicle-treated controls (data not shown). To evaluate the hypertrophic response independent of changes in BW, whole-cell membrane capacitance (C m ) was used as a measure of myocyte volume in cardiomyocytes isolated from diabetic mice. Consistent with the increased BV͞BW ratio in diabetic PPAR␣
mice, the C m of myocytes isolated from diabetic PPAR␣ ϩ/ϩ mice was significantly increased compared with saline-treated controls, whereas no difference in C m was detected between diabetic and nondiabetic PPAR␣ Ϫ/Ϫ myocytes (Fig. 1a) . The input resistances of isolated cardiomyocytes was not affected by genotype or by diabetes, indicating that cell viability was normal (0.93-1.1 G⍀).
Next, we sought to determine whether insulin deficiency would influence the severity of cardiomyopathy exhibited by mice with cardiac-restricted overexpression of PPAR␣ (MHC-PPAR mice). As expected, the BV͞BW ratio was increased in diabetic mice compared with vehicle-treated controls 6 weeks after STZ administration (Fig. 1b) . However, the increase in BV͞BW ratio exhibited by diabetic MHC-PPAR mice was markedly greater than that observed in NTG mice (Fig. 1b) . More importantly, echocardiographic analysis demonstrated that in contrast to NTG mice, LV fractional shortening (FS) was significantly reduced in diabetic MHC-PPAR mice (Fig. 1b) . Collectively, the results of the PPAR␣ gain-of-function and loss-of-function studies indicate that activation of the PPAR␣ regulatory pathway is critical to the cardiomyopathic response of the diabetic heart.
Myocardial TAG Levels Parallel Cardiac Dysfunction Caused by Diabetes and PPAR␣ Overexpression. Accumulation of lipid within cardiac myocytes is a histologic hallmark of the diabetic heart (17) (18) (19) . Elevated circulating levels of free fatty acids and TAG-rich lipoproteins in combination with increased capacity for myocardial fatty acid uptake likely act in concert to cause myocyte lipid accumulation in diabetics. Neutral lipid accumulation as determined by oil red O staining was markedly greater within the myocytes of diabetic MHC-PPAR mice compared with that of all other treatment groups (Fig. 2) . Quantification of myocardial TAG species by ESIMS demonstrated that levels of TAG containing LCFA were significantly elevated in vehicletreated MHC-PPAR and diabetic NTG mice compared with vehicle-treated NTG mice, and that this effect was strikingly amplified in diabetic MHC-PPAR mice (Fig. 2) . Examination of the profile of TAG species in the diabetic MHC-PPAR heart revealed marked increases in TAG-containing LCFA species, including palmitic, oleic, and linoleic acids, a profile similar to that of insulin-deficient NTG mice (Fig. 6 , which is published as supporting information on the PNAS web site) and to that found in the standard chow diet and plasma (data not shown (Table 2 , which is published as supporting information on the PNAS web site). Although the HF diet had no effect on ventricular weight or function in NTG animals, a robust increase in ventricular weight, ventricular chamber dilatation, and a significant decline in the fractional shortening was detected in HF-fed MHC-PPAR mice ( Fig. 3a and Table 2 ). Cardiac functional indices were similarly affected by HF diet when mice with higher transgene expression (404-3 line) were used in identical experiments ( Table  2) . Coincident with cardiac dysfunction and hypertrophy, ESIMS analyses revealed striking accumulation of TAG comprised of palmitic, oleic, and linoleic acids in MHC-PPAR, but not NTG mice fed HF chow (Fig. 3b) . Ceramide and related downstream pathways have been identified as mediators of cardiac myocyte injury and death in other cardiomyopathic states. HF diet administration significantly increased myocardial ceramide levels in transgenic mice but not wild-type mice, thus providing further evidence that LCFA metabolic pathways are stimulated in the MHC-PPAR heart (Fig. 3b) .
To evaluate the reversibility of the HF diet-induced cardiomyopathy in MHC-PPAR mice, HF chow was administered for 4 or 8 weeks. Then, in subgroups of mice, the HF diet was replaced with control chow for an additional 2 weeks. Remarkably, in both the 4-and 8-week groups, the ventricular dysfunction of MHC-PPAR mice on the HF chow was reversed to the level of control chow-fed MHC-PPAR mice 2 weeks after returning to the standard rodent chow (Fig. 3c) . Mean LV internal diameter at diastole (LVIDd), a measure of LV chamber dimension, was increased vs. baseline in MHC-PPAR mice fed HF chow for 8 weeks. This increase was significantly improved by return to standard chow (P Ͻ 0.05) (baseline, 3.37 Ϯ 0.20 mm; 8 weeks HF, 4.00 Ϯ 0.08 mm; 2 weeks post-HF, 3.80 Ϯ 0.03 mm). The HF diet-induced LV hypertrophy was not reversed by removal of the HF diet during the same time period (data not shown). ESIMS analyses revealed that discontinuation of the HF feeding also resulted in a reduction of myocardial TAG levels to that of control-fed transgenic mice (data not shown). Despite the fact that MHC-PPAR myocardial ceramide levels were increased (Fig. 3b) and cardiac function decreased on the HF diet, histological staining for markers of apoptotic death (terminal deoxynucleotidyltransferase-mediated dUTP and activated caspase-3) revealed no evidence of abnormal myocyte apoptosis (data not shown). Furthermore, after 8 weeks on the HF diet, trichrome staining of MHC-PPAR cardiac sections demonstrated myocyte hypertrophy but no significant fibrosis, which is consistent with the absence of significant myocyte death (Fig. 7 , which is published as supporting information on the PNAS web site). Taken together, these results suggest that the ''lipotoxic'' effect was reversible, at least in the short term.
Medium-Chain HF Diet Rescues Cardiac Dysfunction in MHC-PPAR
Mice. The observed inf luence of long-chain HF diet on the cardiomyopathic phenotype of MHC-PPAR mice could be related to the toxic effects of LCFA moieties or it could be secondary to increased oxidation rates per se. As an initial step in distinguishing between these possibilities, MHC-PPAR mice were fed an isocaloric standard chow or matched HF diets enriched in MCT (octanoate and decanoate) or LCT for 8 weeks. The rationale for MCT chow administration was to maintain high rates of mitochondrial FAO in the absence of LCFA intermediate accumulation. As expected, LCT administration exacerbated cardiac hypertrophy, ventricular chamber dilatation, and contractile dysfunction in MHC-PPAR mice (Fig. 4a) . In contrast, cardiomyopathy did not develop in MCT diet-fed MHC-PPAR mice. In fact, the MCT diet rescued the baseline ventricular function of MHC-PPAR mice to normal levels (Fig. 4a) . ESIMS analyses of cardiac lipid extracts revealed that LCT diet increased levels of TAG containing palmitate and oleate but not linoleic acid (Fig. 4b) . This is ref lective of dietary fat content, because the LCT diet contains only low levels of linoleic acid. Conversely, the MCT diet did not lead to accumulation of MCT or LCT (Fig. 4b) .
Activation of Extra-Mitochondrial Lipid Metabolic Pathways in MHC-
PPAR Heart. The results of the MCT diet studies suggested that lipid metabolic pathways upstream of the mitochondrial FAO cycle were involved in the development of cardiomyopathy. To investigate the effects of inhibiting mitochondrial import of LCFA, MHC-PPAR mice were treated for 3 weeks with etomoxir, a pharmacological inhibitor of carnitine palmitoyltransferase I, which catalyzes a necessary step in mitochondrial import of LCFA. Although, etomoxir treatment did not adversely affect ventricular function in NTG mice (data not shown), inhibition of long-chain FAO caused a significant deterioration in cardiac function in MHC-PPAR mice given control chow (Fig. 4c) . In the context of the HF chow, etomoxir treatment led to striking LV dysfunction and clinical evidence of heart failure, including ventricular wall thinning, chamber dilatation, and severely reduced fractional shortening in MHC-PPAR mice ( Fig. 4c and data not shown). These data strongly suggest that extramitochondrial accumulation or metabolism of LCFA moieties lead to cardiac dysfunction in the MHC-PPAR model of diabetic cardiomyopathy. Studies were then performed to determine whether peroxisomal lipid metabolic pathways were activated in hearts of MHC-PPAR mice. In contrast to the mitochondrial FAO pathway, which generates reducing equivalents for oxidative phosphorylation, peroxisomal FAO couples electrons to the formation of hydrogen peroxide (H 2 O 2 ). The peroxisomal FAO pathway is a known target of the PPAR␣ regulatory system. The expression of the gene encoding ACO, which catalyzes the initial, rate-limiting step in peroxisomal ␤-oxidation, was therefore evaluated. ACO mRNA levels were increased in MHC-PPAR mice at baseline and induced in long-chain HF-fed or diabetic NTG mice, compared with NTG controls (Fig. 5a) . Furthermore, administration of HF diet or insulinopenia led to a superinduction in ACO gene expression in transgenic mice (Fig. 5a ). H 2 O 2 is a potential myocyte toxin either directly or indirectly. To evaluate cardiac H 2 O 2 levels, an assay based on horseradish peroxidase-mediated, H 2 O 2 -dependent oxidation of phenol red (15) was performed with ventricular lysates. Levels of H 2 O 2 paralleled ACO gene expression and the development of cardiomyopathy, with highest levels observed in the hearts of MHC-PPAR mice given an HF diet (Fig. 5b) .
To evaluate further the possibility that PPAR␣-mediated activation of the peroxisomal pathway is linked to the development of cardiomyopathy, ACO gene expression and H 2 O 2 levels were evaluated in diabetic wild-type and PPAR␣ Ϫ/Ϫ mice. Diabetes caused a significant increase in cardiac ACO mRNA and H 2 O 2 levels in PPAR␣ ϩ/ϩ mice ( Fig. 5 a and c) . In striking contrast, PPAR␣ Ϫ/Ϫ mice rendered insulin-deficient did not exhibit increased cardiac ACO expression or H 2 O 2 levels compared with controls ( Fig. 5 a and c) . These latter results correlated with the lack of a chronic hypertrophic response induced by STZ (see Fig. 1a ).
The observation of increased H 2 O 2 levels in the hearts of HF-fed MHC-PPAR mice suggested that the net level of cellular oxidative species was elevated. To examine MHC-PPAR hearts for evidence of oxidative stress, the ratio of reduced (GSH) to oxidized (GSSG) glutathione was determined. Although a trend toward reduced GSH͞GSSG ratio was observed in MHC-PPAR compared with NTG hearts on control chow, no significant difference was detected (Fig. 5d) . However, in the context of the HF chow, the ratio of GSH͞GSSG was significantly reduced in MHC-PPAR mice vs. NTG controls (Fig. 5d) . Taken together, these findings strongly suggest that in addition to H 2 O 2 , other potentially toxic reactive species are generated by PPAR␣-mediated increases in extra-mitochondrial fatty acid catabolism.
Discussion
The incidence of cardiovascular events related to diabetes has increased to epidemic levels in the Western world. Despite the magnitude of this problem, little is known about the pathogenesis of myocardial dysfunction in the diabetic patient. In the current study, we have used loss-of-function and gain-of-function approaches to show that myocardial lipid metabolic derangements downstream of the PPAR␣ gene regulatory pathway play a critical role in the development of ventricular hypertrophy and dysfunction in the diabetic heart. The development of severe cardiomyopathy in diabetic MHC-PPAR mice was associated with marked myocardial lipid accumulation. Remarkably, administration of a diet enriched in LCFA exacerbated cardiomyopathy and lipid accumulation in MHC-PPAR mice in a reversible manner, whereas a medium-chain-rich HF diet rescued these abnormalities. Finally, we provide evidence that the cardiotoxic effects of HF diet feeding are likely mediated by intracellular toxins generated independently of mitochondrial FAO pathways, peroxisomal-generated H 2 O 2 or other reactive oxygen species being candidate mediators.
Evidence is emerging that derangements in myocardial lipid metabolism lead to cardiac dysfunction in the insulin-resistant and diabetic heart. Histological analyses of diabetic hearts have revealed lipid droplet accumulation within cardiac myocytes (17) (18) (19) . Transgenic mice with increased cardiac uptake of fatty acids due to overexpression of long-chain acyl-CoA synthetase develop cardiomyopathy (20) . Studies performed with isolated working hearts of diabetic animals have demonstrated that high rates of FAO are associated with ventricular dysfunction (4, 5, 21) . Recently, we have shown that chronic activation of the PPAR␣ pathway (MHC-PPAR mice) leads to a marked increase in myocardial fatty acid uptake and oxidation, reduced glucose utilization, and cardiomyopathy, a metabolic and functional phenotype similar to that of the diabetic heart (6). Herein, we provide several lines of evidence to support the conclusion that lipid metabolic derangements mediated by the PPAR␣ gene regulatory pathway lead to cardiac dysfunction in the diabetic heart. First, cardiac hypertrophy induced by insulin deficiency is prevented in PPAR␣-null mice. Conversely, the effects of insulin deficiency and PPAR␣ overexpression are cooperative in the development of cardiomyopathy. Second, the cardiomyopathy in diabetic and MHC-PPAR mice is associated with the accumulation of TAG-containing LCFA. The profile of myocardial 
